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● .

A methodofmeasuringinstantaneousflowratesofliquidpropel-
lantsforrocketresearchispresented.Theinstrumentinvestigated
utilizestheprincipleofelectroma~eticinduction.

An electromagneticflowmeterwasbuilt,investigateed,andsatis-
factorilypbced in servicetomeasuretherateofflowofan oxidant
intoa rocket.

Theadvantagesofthiselectromagneticflowmeterconsistof
(1)itslinearcalibrationcurve,whichis independentofdensityand
insensitivetothevelocityprofile;(2)anabsenceofappreciablelag,
whichmikesit suitableformeasurementsofinstantaneousvelocityin
rapidlyPulsingsystems;(3)theabsenceofanymovablepartsor
re&trictionsinthefl&met& pipe;and
oftheinstrument.

INTRODUCTION

Theinvestigationofthepulsation

(4)thebidirectionalresponse

phenomenoninrocketresearch
hasmadenecessarythemeasurementofinstsmtaneousratesofflowof
liquidpropellants.Noneoftheavailableequipmentformeasuringthe
rateofflowcouldmeettherequirementofshortresponsetimeneces- “
saryforthemeasurementof transients.

A shortresponsetimeisnottheonlyrequirementthatmustbemet
by a practicalinstrument.Propellantsandoxidantsaregenerally
hazardous.Inmostcases,thesefluidsareunstable,corrosive,and
toxic,whichmeansthattheinstrumentmustbe capableofremoteopera-
tionandthematerialsusedinitsconstructionmusthave%othstrength
andresistanceto corrosion.

Onthebasisoftheserequirements,a systemthatutilizesthe’elec-
tromotiveforceinducedina fluidmovingthrougha magneticfield
(reference1)wasinvestigated.W.orderto investigatethiselectro-
magneticsystemofmeasuringflow,m experimentalmeterwasbuiltat
theNACALewislaboratoryandappliedtorocketresearch.
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PRINCIPLEOFINSTRUMENT *.

Theprincipleoftheelectromagneticflo~eteris similarto that
ofa dynamoorgenerator.Thearrangement.ofthebasiccomponentsof ‘ ‘“—”--—
themeterisshowninfigure1. Themagnet.~roducesa tign~ticfield- ‘_ “~
betweenthe.twomagnetpoles.As thefluidtraversesthemagnetic
field,an electromotiveforce’isinducedinthefluidpefiendicularto “-

, ..~-

boththedirection.ofthemagneticfieldandthedirectionofflow,
Thise~ectromotiveforceis”pickedupby theelectrodes;itsmagitude ‘“ =
isgivenby Faradayfslaw, .

E= B2vX10-8 — ...__ .

where .
.-,,—. ----

E

B

2

v

inducedvoltage —.

magneticfluxdensity,(lines/sqin.)
=

“pathoverwhichinducedvoltigeis integrated(inthiscase, ●

2 isequalto diameterof‘pipeininches). .-.... —
velocityof.fluidwithrespecttomagneticfield,(in./sec) ●

Faradaytsexpressionfortheinducedvoltageeihibitsno depend-
enceon suchvariablesas charge,conductiv~ty,andspecificinductive
capacity.Thusjan electricfieldisassumedto existwhenevera ‘-
mediumispassedthrougha ma~eticfield.Itmy be shown,however,
thattheterminalvoltagearisingfromthi~inducedvoltageisattenu-
atedina mannerdependentonthenatureofthemedium.Mittiemmn
andCushinginanunpublishedworkexpress~isdependenceh thefofi”
ofanattenuationfactoru:

.

“=* ‘
where

T = Cco/orelaxationtimeofmedium,(eec)‘
= 2Yc/U.)T’ periodofalternationofmagneticinduction,(see)

—=.-...
— _ ..-.—
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—
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c dielectricconstant —
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permittivityoffreespace,(farads/m)

electricalconductivity,(mhos/m)

anguJ-arfrequency,(=*~-1)

Examinationoftheattenuationconstantshowsthattherelaxation
mustbe shortwithrespecttotheperiodofalternation.For

negligibleattenuationoftiesignalina givenmeter,withan
alternatingfieldof400cyclespersecond,therelaxationtimemust
be lesstti 10-4second.

Samplerelsuaationtimesaregiveninthefollowingtable:

Substance I Relaxationtime,sec

Sulfuricacid,pure 7.0x 10-10
Methylalcohol 4.()X10-7
Water,pure 3.6X 10-6
Acetone 1.0 x JO-4
Petroleum 4.0xl&

Thereisreasontobelievethatliquidssuchasthepetroleumoils
canbe sufficientlycentaminatedto givethemacceptablerelaxation
timesforelectranagueticflowmeteroperation.

DESCRIPTIONOFMETER

3

A crosssectimoftheexperimentalflowmet=anda photographof
themeterareshowninfigures2 and3,respectively.Thematerialof
whichtheflowpassage(B)ismademustbe an electricalinsulator,
nonmagnetic,chemicallyinertinthepresenceofrocketprop~ts,
andstrongenoughstructurallytowithstandthehighpressuresencoun-
teredinthistypeofapplication.Thetetrafluoroethylenepolymer
Teflonmeetstheserequirements.Stainless-steelflanges(C)connect
theflow-meteringsectionandthepipesystm intowhichthemeteris
inserted.Laminationsofhigh-gpalityaudiotransformersteelareused
forthemagneticstructure(D)onwhichtwocoilsaremounted.These
coils,whenconnectedinparallelandresonatedwithpropercapacitance,
producea fieldinthegapbetweenthepolesofapproximately
17,000linespersqpareinchwithanappliedvoltageof300voltsat
a frequencyof400cyclespersecond.
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Stainless-steelelectrodes(A)project,intotheflowpassageto
tapofftheinducedelectromotiveforce.Connectionsaremadeto
theseelectrodesby conductasenclosedina pairofsteelconduits
foreachelectrode,as showninfigwe,3.Eachpairofconduitsforms+,
a symmetricalelectricalsystemwithrespect.to themagneticstruct~e,
thusminimizingany“noise”voltagethatmaybe transformedfi”omthe
magnetcoilstothepickuplea~. Becausewrfect symmetrycannotbe
achieved,anylrnoiseltthatisleftiselfited by fi”e’@aland -
oppositevoltagederivedfromthe4Q0-cycle-per-secondp.gwersource.
Thisprocedurefollowsanimpedancetransformationthrougha push-pull
cathode-followercircuit,whichhasa veryhigbinputimpedancetmpos-
inga negligibleloadontheflowgenerator. —.

A blockdiagramoftheelectricalcircuitisshowninfigure4.
Afteramplification,thesignalisappliedtoan oscilloscopeandthe
waveformisrecordedonfilm.Theoutputwaveformsrecordedonfilm
appearsasa modulatedcarrier.Thecarrierfrequencyisdetermined

. .. .

.-.

.-.. -.

by thefrequencyofthecurrentuBedtoenergizethe-magnetandthe -.

modulationoramplitudeofthiscarrierisproportionalto themag- “~ ‘
nitudeofflow. .

In orderto calibratetheflowmeter,a quantityof’fluidispassed
throughthemeterata fixedrateandcaughtina dischargeweightank.
Theoscilloscopeagaincanbesetto giveanydesiredcalibration “-
factor.

A responsecurvewasplottedforflows~om O to 2.5poundsper -
secondandtheresultwasthelinearcurve&h@ infigure5. Condi-’
tionsofflow includedinthisplot varyfromMminar.to turbulent
theReynoldsnunibervariesfrcm.180to 450Q”””0nthelowestrangeof ..
figure5.

—

A testwasmadeto determinetheeffectofa right-anglebendin
thepipeat theegtranceto theflowsectim.“Withthe-bend10dia-_
metersfromthetestsection,no effectsw&rerecorded.

APPLICM!ION ,

In orderto determinefinallytheadaptabilityoftheelectro-
magneticflowmetertorocketresearch,themeterw% installedinthe.:
oxidantlinetoa.rocketengineundertest.F%me 6 shinsa record.– .
0:theflowofoxidant,nitricacid,intoa pulsingrocketengine. .- ~
At thetopofthefilmstripalpear.timhg.markersthatOCCW every
1/60secondandat the“~ottomthetimingm@ker@occurevery1/400
cwcond.
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. As therocketengineis started(pointA),theflowbeginstobuild
up. At pointB i~itiontakesplaceandthepressureinthecc?.tibus-
tionchamberabruptlyrises,causingtheflow’todecreaserapi&l.y.A
studyofthephaseofthecarrierwaveandthe400-cycle-per-6’econd

ob timingmarksrevealsa phasereversalatpoint C. Previoustopoint B,
E thelowerpeakofthewaveformoccursto therightofthelohr timing

mrks andbetweenpointsC and D thelowerpeakoccurstotheleft
ofthelowertimingmarks,whichindicatestheflowhasactuallyreversed.
Thusthephaseofthecarrierindicatesdirectionofflowandtheelectro-
magneticflowmeterisa bidirectimalinstrument.

Thetypeofrecordnuwbeingobtatiedby combiningtheoxidant
flowrecordwithan indicationd rocket-chamberpressureisshcnmin
figure7. Thefirststripisa recordofa pulsingrocketengineand
thesecondstripisa recordofa smoothrunonthesamerockete~ine.
Thelowertzaceineachcaseisthechamberpressureandtheupper
traceistherecordoffluwasindicatedbytheelectromagneticflow- ‘
meter.Thephaserelationbetweenoxidantflawandchamberpressure
canbe determinedfromthesefilms.

CONCLUDINGREMARKS

TheelectromagneticflowmeterhasbeensuccessfuUyusedin
rocketresearch.Itsinstantaneousresponse,insensitivityto inlet
conditions,andadaptabilitytoruggedccmstructionmakethisflow-
metera desirableinstrument.Thepossibilityofaddingcontmninants
to fluidswithrelaxationtimeslongerthan10-4secondsuggeststhe
universaladoptionoftheelectromagneticflowmeterinrocketresearch.

Futureapplicationsoftheelectromagneticflowmeterto rocket
researchmightincludethemeasurementof instantaneousfuel-oxidant
ratiosandtheinvestigationofhigh-altitudeignitionproblems.
Becausetheoutputofthemeteriselectrical~itmaybe utilized
ina servo-mechanismtocontrolpropellantflowswithrespectto
flightvariables.

—

LewisFlight=OpulsionLaboratory,
NationalAdtisoryCcmmitteeforAeronautics,

Cleveland,Ohio,
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Figure 1.-BasiOwmponentsc&electromagneticflcmmeter.
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